Introduction
One of the most successful applications of control technology in fluid systems is in the context of dynamic instability in continuous combustion systems. Recent results in this area have shown unequivocally that active control is not only a feasible technology for reducing the unsteady pressure oscillations, but also that the approach can be scaled up to large-scale industrial rigs. Models of combustion instability have been derived using both physically based and system-identification based methods. Optimal, time-delay, and adaptive controllers have been designed using these models and demonstrated to lead to an order of magnitude improvement in a range of combustion rigs over empirically designed control methods. In this paper, we present a survey of the existing theory that includes modeling and control of pressure instability in combustion systems and the practical applications of active control to-date in small, medium, and large-scale combustion rigs.
Dynamic instability has long been recognized as a problem in continuous combustion systems.
In several applications, including ramjets, rocket motors, afterburners, and gas turbines, this instability assumes the form of pressure oscillations that have a tendency to grow. Besides the obvious implications of the increased levels of pressure on the structural integrity of the system components, the combined presence of other performance metrics, such as maximizing thermal outputs and thrust or minimizing emissions, makes a study of this instability and its control extremely important. In the context of gas turbines, burning at lean operating conditions is attractive from the standpoint of reduced NO Ü formation, whereas in propulsion devices such as ramjet engines, burning under near stoichiometric conditions is desirable since this leads to enhanced heat release and therefore high performance. Interestingly enough, both of these conditions lead to potentially unstable behavior.
The recent twist in this old problem is active control. Simple demonstrations on a Rijke tube of using numerical models that involve unsteady calculations of all variables in the flow field using techniques such as DNS (direct numerical simulation) and LES (large eddy simulation) are not addressed here but can be found, for example, in [5] and the references therein. More emphasis is given to models and control methods that have been experimentally validated in some form or another compared to others that have been verified through numerical simulations.
First, we discuss the highlights of dynamic models and model-based control strategies that have been developed in the context of combustion instability. Following that, we present results accruing from experimental investigations in the context of a whole range of rigs ranging from table top combustors to large-scale industrial rigs. In each case, we describe the configuration of the rig, the flow conditions, the actuator-sensor used, the control strategies, and the results obtained. Finally, we outline the status of the current research in active combustion control.
Active Combustion Control: Theory
Two dominant mechanisms that contribute to combustion dynamics are heat-release dynamics and acoustics. Both of these subprocesses are affected by each other, resulting in a tightly closed feedback loop. Several mechanisms provide the coupling interactions between these two processes.
These include agencies that provide velocity perturbations, such as flow impedance, and those that lead to equivalence ratio perturbations, such as the feedline dynamics. Mechanisms such as vorticity and entropy have also been observed to provide the coupling. These results indicate that a complete and accurate description of the combustion dynamics consists of several partial differential equations that describe the acoustics, heat-release dynamics, feedline dynamics, chemical kinetics, hydrodynamics, transport, and entropy. These equations can then be analyzed using computational procedures that result in the solutions of the flow variables Ô´Ü Øµ, Ù´Ü Øµ, and ´Ü Øµ, as well as the variables that pertain to the heat-release rate Õ´Ü Øµ. Such procedures typically involve at least a few million state variables and employ methods such as finite difference, finite element, and vortex element methods. In addition to the large size of the computations involved, additional complexities arise due to the underlying nonlinearities, whose subtleties make the computing significantly harder.
Yet another question that arises is how these computational models can be used to carry out active control, the goal of which is to modify these dynamics in one form or another. This implies that the computational procedures need to be carried out not once but several times, each with a different control action that would result in a different boundary condition, to determine the best active control input. Also, these solutions may vary significantly from one operating condition to another, which in turn might require more trial-and-error computing. In addition, the above procedure may not directly allow a predictive control design, since the latter is predicated on an input-output model structure that may not be readily available from the computational data.
The goals of active control are indeed to modify the combustion system dynamics; however, the nature of the modification is on a large scale and may not require intricate alteration of the flow field. In many problems involving active combustion control, the goal is to reduce the amplitude of the pressure oscillations, which may be achievable by using an approximate model of the combustion dynamics. Other evidence that can be introduced in support of such approximate models is the following. Despite the fact that the combustion dynamics are truly describable using a large set of tightly coupled nonlinear partial differential equations, it is also true that the dynamics consist of strikingly large-scale features. Coherent structures have been observed in many of these cases that consist of well-defined phase relationships between variables that are spatially distributed.
This implies that dominant combustion dynamics may be described by reduced-order models that take advantage of these large-scale features in their approximation. This approach has been used by many investigators in this field to develop models of combustion dynamics that are useful for active control. We descibe these models in the next section.
Dynamic Models
The most dominant dynamics that are of concern in combustion systems pertain to the unsteady pressure. Two classes of models have been developed in the literature and are outlined below. The first is physically based and uses the underlying conservation equations to describe the dominant interactions. The second uses input-output data and a system-identification approach to determine the underlying model. Here we describe only those models for which active control strategies have been designed and implemented experimentally.
Physically Based Models
In this section, we discuss low-order models of the acoustics, heat release, and coupling interactions thereof. A finite-dimensional model based on Galerkin expansion is then used to capture the complete combustion dynamics. The effect of actuation on the combustion dynamics as well as models of the actuators themselves, are presented. An alternative model based on a wave approach is also presented. Typical nonlinear mechanisms that affect combustion dynamics are briefly discussed at the end of this section.
Acoustics
Standing pressure waves are produced in any confined chamber, the amplitudes of which are func-tions of the geometry, boundary conditions, and the medium. Often, these pressure variations serve as a host oscillator in a combustion system. Various pressure modes can be excited, such as bulk, longitudinal, azimuthal, or radial, the exact nature of which are determined primarily by the geometry of the rig. The general equation for acoustics can be derived as
where ¼ denotes the perturbation of a quantity around its mean , ¼ is the generalized acoustic energy density, ¼ is the generalized acoustic energy flux, and ´Ü Øµ represents excitation effects including unsteadiness in heat and mass addition, entropy fluctuations, and vorticity fluctuations [6] . Using the predominantly one-dimensional configurations typically present in combustors, (1) can be simplified further. The equations for a longitudinal geometry are given by
where Ô is the pressure, is the mean speed of sound, denotes the specific heat, and Õ denotes the heat-release rate per unit volume.
Heat Release Dynamics
The process responsible for energizing the pressure oscillations is heat release. The modeling of heat release dynamics thus constitutes a study of the mechanisms that induce these fluctuations and their quantification. Two of the primary mechanisms that contribute to heat release are flow and chemistry. Currently available results consist of models that address the two limiting cases. In one case, the flow is mildly turbulent so that the chemical time-constants are quite large compared to that of the flow (quantified by a high Damkholer number, which is the ratio of the large eddy time-constant and the chemical characteristic time) in which case heat-release perturbations are essentially due to a thin wrinkled flame [7] - [9] . In the other case, the flow is characterized by a very high Reynolds number, therefore allowing the heat-release dynamics to be determined by chemical reaction rates, and hence heat release is due to a well-stirred reactor (WSR) [10] , [11] . The models for both of these cases are outlined below.
Heat release rate from a thin wrinkled flame: The flame surface is characterized by a singlevalued function ´Ö Ø µ that represents the instantaneous axial displacement of the flame, and the total heat release É is proportional to the integral of this surface over an anchoring ring. The heat-release dynamics can be represented as
where Ë Ù is the burning velocity, ´ µ ¾ Ù Ë Ù´ µ¡ Ö´ µ, Ù is the density of the unburnt mixture, and ¡ Ö is the heat of reaction. To derive a linear model, the effects of perturbations in both Ù and are considered, which lead to
and represents the characteristic propagation delay of the flame surface into the reactants flow.
Note that for the class of flames considered here, the slope at the flame tip, which is typically conical, is zero, and therefore the third term on the right-hand side of (5) can be omitted.
Heat release rate from a well-stirred reactor: Unlike the thin-flame model, where it is assumed that the mixing rate is small, thereby leading to a distinguishable boundary between reactants and products, an alternative procedure for modeling the heat release dynamics is to assume that the combustion zone is a WSR [12] , with the reactant and product thoroughly mixed in the combustion volume, and use the underlying global reaction relations. Although the resulting model shows the heat-release response to variables Ù ¼ and ¼ in [10] , the relation is modeled as a static one in contrast to the dynamic thin-flame model in (5) . This model is then combined with coupling between the acoustic variables, feedline dynamics, and convective time delay and is shown to predict some of the experimentally reported results of instability. It has been observed that dynamic effects in WSR also appear to be important in quantifying the combustion instability behavior, especially near the blowout limits, and have been shown to be reducible to a low-order system whose order depends essentially on the dominant number of chemical reaction steps [11] .
Coupling
Given that the heat release responds to perturbations Ù ¼ and ¼ , the responses of the latter due to acoustics need to be modeled. Perturbations in ¼ occur due to feedline dynamics [8] if either the air-or fuel-flow feeds is choked and the other is unchoked, which is then convected down to the burning zone. In the fuel-choked case, one can derive a linearized relationship
where Ù ¼ × denotes the velocity perturbation at the exit of the fuel nozzle and Ä Ù, and Ä is the distance from the supply to the burning plane. The coupling between Ù ¼ and Ô ¼ can be determined using either the energy or momentum balance relations
The Complete Finite-Dimensional Model
The complete linear combustion dynamics can now be described using (2), (5), and (7)- (9) . The resulting linear infinite-dimensional system can be simplified further so as to illustrate the effect of the dominant modes by using a modal expansion and assuming that the combustion zone is localized. Using a Galerkin expansion [13] , [14] Ô ¼´Ü Øµ Ô Ò ¼ ´Üµ ´Øµ (10) where ´Üµ × Ò´ Ü · ¼ µ, ½ Ò , and and ¼ are determined from the boundary conditions, and assuming that Õ ¼´Ü Øµ É ¼´Ø µAE´Ü Ü µ , where is the area of cross-section of the combustor, we obtain the following finite-dimensional model from (2), (5), and (7)- (9) [15], [16] :
where represents the passive damping ratio in the combustor,
½ ´Ôµ, and represents the combined effects of the flow velocity both behind and ahead of the flame. Dissipation in a combustor can be caused by heat losses in the flame zone and friction due to viscous effects.
Models of Actuated Combustors
Active control of combustion instability is typically achieved through flow-modulating devices such as fuel injectors and loudspeakers, where the former has the dominant effect of additional mass flow, which results in additional heat release, and the latter introduces additional velocity, which impacts on both acoustics and heat release. Below we present both the models of actuated combustors and the models of the actuators.
The impact of an acoustic actuator whose diaphragm velocity is Ú is given by [17] : per unit mass of the mixture; and is determined by the flame stabilization mechanism. In (16) , no equivalence ratio perturbations are assumed to be present, and is negligible.
If the quantity added is fuel, in addition to the mass flow, heat input is introduced as well, since it changes the equivalence ratio. Defining
where Ñ is the mean air mass flow rate and ¼ is the fuel-to-air ratio at stoichiometry, it can be shown that when only ¼ -perturbations are present, the heat release dynamics in (5) is altered as
where Ó Ä Ù and Ä is the distance between the burning plane and the location of the fuel injector. If the heat release dynamics are only due to ¼ -perturbations, for a single-mode model, the overall combustion model is of the form
Actuator Dynamics
Fuel-injectors:
The injector system consists of an electromechanical part and a fluidic part. In the former, the input voltage generates an electromagnetic field that causes a poppet to move against a spring. The motion of the poppet controls the aperture of the injector, allowing fluidflow modulation. Using Kirchoff voltage laws, continuity, and Bernouilli's equation, the transfer function between the voltage to the poppet position and the mass flow rate Ñ from the injector can be derived as
where Ú is a system parameter that depends on the magnetic flux density, the Reynolds number, the length of the armature, and the pressure ratio across the injector, and the density; is the magnetic flux density; and Ð is the length of the armature. In most solenoid systems, the armature electric time constant, Ä Ê , is negligible compared to the acoustics time constant [18] . In these valves, the stiffness of the spring, , is large for a fast closing of the valve, when the voltage is turned off. Also, the mass, Ñ, of the armature is very small in many of the typical injectors to minimize inertia forces [18] . The damping term, , contains the overall damping, including stiction and friction, and typically is large. Thus, the mechanical system can be simplified as a first-order
where
For more advanced proportional injectors, internal feedback loops exist (using, for example, a position transducer for the armature) to guarantee accurate metering, and increase their bandwidth (e.g., a Moog DDV proportional valve has a bandwidth of ¼ Hz [19] ). Typically, Ú and Ñ can be determined using system-identification procedures.
Speakers:
The action of the loudspeaker is to convert electrical energy into acoustical energy. The actuator dynamics is essentially described using a transfer function between the voltage into the loudspeaker and the acceleration of the loudspeaker diaphragm, which is of the form
where Ð , Ð , and Ñ Ð denote the stiffness, friction, and mass properties and ½ is a calibrating gain.
Linear Models Based on the Wave Approach
An alternative approach to modeling the pressure perturbations is tocharacterize one-dimensional pressure perturbations as waves that are reflected by boundary conditions at the upstream and downstream ends with a certain reflection coefficient [9] . If combustion is assumed to occur at Ü ¼, with the upstream and downstream ends having coordinates Ü Ü Ù and Ü Ü , the pressure perturbation can be expressed as
where Ô ½ and Ô ¾ denote the mean pressures upstream and downstream of the combustion zone, and are reflected waves of the outgoing waves and , respectively, and the delays are given by
where and Ù denote the speed of sound and flow in the upstream ( ½ ) and downstream ( ¾ ) sections, respectively. Assuming that the boundary condition at the upstream end is specified by Ù´× µ, (21) can be combined with conservation equations to the following relation between the pressure Ô Ö at a given location Ü Ö and the velocity Ù Ö at an upstream location:
Using the momentum and energy relations, the acoustic waves due to unsteady heat release can be derived to be 
Õ´×µ
À´×µÙ Ö´× µ (26) as in the section on physically based models, we can determine the overall closed-loop transfer function, with the relation (25) representing the forward loop and the relation (26) representing the feedback loop. Note that the underlying dynamic model is that of a linear time-delay system. The reader is referred to [9] , [20] for further details.
Nonlinear Mechanisms
Nonlinear features are abundant in a combustion process. The most dominant of these is a limitcycle behavior that is exhibited by almost all the variables in the process, including pressure, velocity, and heat release. The typical dynamic response of any of these variables consists of a divergent set of oscillations that transition to a sustained periodic signal, which is almost sinusoidal in nature. Several speculations have been made regarding mechanisms responsible for such a behavior. Nonlinearities in the heat-release dynamics have been noted in [8] , [21] - [24] , whereas nonlinearities in acoustics are claimed to be responsible for these limit cycles in [6] , [25] , [26] . For a more detailed discussion of nonlinear models, see [4] .
The presence of limit cycles suggests the obvious presence of bifurcations. A key parameter that appears to induce these bifurcations is the mean equivalence ratio, . Two distinct ranges of appear to be of interest, depending on the application. In ramjet engines and afterburners, instability appears to result close to stoichiometry, which is then followed by a Hopf bifurcation.
In engines with strict emission requirements, as one attempts to burn lean, a "blow-out" limit is reached that once again is accompanied by these bifurcations. In many of these cases, more than one limit cycle is encountered [24] , suggesting the presence of both sub-and supercritical bifurcations.
Finally, in [27] , [28] - [24] , hysteresis mechanisms have been observed and discussed. The parameters in question are the mean equivalence ratio and the mean inlet velocity. In [27] , keeping other parameters constant as is increased steadily and then decreased, the behavior at the same value changes from instability to stability, and a drastic change in the flame structure is observed at some of these instances. In [27] and [29] , it is shown that once such a mechanism is present, appropriate use of it can be made in designing active control strategies to reduce the amplitude of oscillations.
System-Identification-Based Models
An alternative to the physically based modeling approach described in the previous section is a black-box approach, which consists of dynamic modeling using input-output data which represents the response of the overall combustion process. The results obtained using such an approach are described in this section.
As mentioned earlier, the combustion dynamics are nonlinear; generally, the pressure typically begins with divergent oscillations in the linear range, which then transition to a stable limit cycle in the nonlinear range. These sustained oscillations can be represented using a lightly damped linear model in the neighborhood of the limit cycle, and system-identification methods can be used for determing the model parameters. As is well known, the system identification procedure requires (i) input and output data selection, (ii) model structure selection, (iii) determination of the 'best' model in the structure as guided by the data, and (iv) selection of an appropriate persistently exciting input [30] . A control strategy based on such a model will then reduce the output of the linear model and thus the amplitude of the limit cycle. Such an approach has been used for swirlstabilized rigs [31] , [32] and for tube-combustors [33] , and the results of the former are presented in the section on active combustion control practice. In [31] , two different models, including the ARMAX and the N4SID methods [30] , [34] , have been used, whose distinctions lie mainly in how the impact of external noise on the system dynamics is modeled. For example, in the ARMAX approach, the model is given by Ý Ù· (27) where Ù and Ý are the input and the output; represents exogenous noise, which includes the effect of nonlinearity; and are the system parameters. Prediction error methods and subspace methods are used in the ARMAX and N4SID models, respectively, for parameter estimation using a persistently exciting reference signal such as a band-limited white noise. Typically, in most combustion systems, the input is a voltage to the fuel injector and the output is the pressure sensed in the combustor. The reader is referred to [31] for further details.
An alternative approach to modeling the combustion oscillations is to represent the pressure response simply as a Fourier series of the form Ô´Øµ AE ½´Ë Ò × Òª Ò Ø · Ò Ó× ª Ò Øµ (28) and identify the parameters of this representation using a nonlinear observer [35] .
In contrast to the above linear modeling approaches, one can consider the dynamics with all of the nonlinearities and use similar system-identification procedures. In [36] , such an approach is used to identify the dynamics of a specific combustor modeled in [8] . As mentioned earlier, using the bulk-mode dominance, effect of equivalence ratio perturbations, time delay between the fuel inlet and burning plane, and nonlinearities in the mixing dynamics, a nonlinear model is derived in [8] . Averaging methods and system identification of limit-cycling systems with time delays are used to identify the parameters of the model in [36] .
Although system-identification-based models are indeed successful in providing guidelines for control design, they tend to be system-specific. Unless care is taken to ensure that the model structure has been chosen so as to encompass all subtleties in the underlying dynamics exhibited over the operating region of interest, the model may not capture the true complexities that need to be controlled. However, an iterative procedure that starts with the system-identification models and integrates dynamics of physical mechanisms and interactions appears to be a promising approach for obtaining models of desired accuracy in a practical combustion system. As will be shown later, such iterative procedures have proven to be successful in suppressing the pressure oscillations in several rigs.
Control Strategies
The most prevalent approach in experimental investigations of active combustion control is the use of a phase-shift controller where the strategy for suppressing the pressure oscillations is to measure the pressure, add an appropriate phase, and generate a signal that is equal and opposite to the actual pressure. Since the undesirable pressure oscillations often occur at a few, if not a single, frequency, the phase shift controller includes a filter in addition to the actual phase-shift action and some amplification (see Fig. 3(a) ). The phase-shift action is implemented in many cases as a pure time delay whose value is adjusted manually, by trial and error, until the oscillations are reduced. Typically, the response of the rms value of the pressure in relation to the time delay added rises and falls over a 360 AE (as shown in Figure 3(b) ), from which the optimal value of the delay (or the corresponding phase) is determined. In [37] , an adaptive version of the phase-shift controller is illustrated where the adaptation is based on an extremum control strategy [38] that seeks to determine the optimal phase (see Fig. 3(c) ) by making use of the fact that the rms value of the pressure is a minimum at the desired phase value.
The phase-shift control strategy, which is sometimes referred to as a phase-delay or a timedelay strategy, has been used extensively in active combustion control, from laboratory-scale rigs [39] to industrial ones [40] , and has been quite successful. However, the application scope of this strategy is quite limited. At some of the operating conditions, secondary peaks are generated due to the control action, thereby compromising on the maximum damping that is achievable. If more than one frequency is present, the control design seems to prove quite challenging. In some cases, the phase-shift controller appears to be quite sensitive to perturbations.
As is evident from the section on dynamic models, several models, such as (14)- (16), (17), (25)- (26), (27) , and (28), have been developed for quantifying the combustion instability. Controllers have been designed based on optimal, time-delay, and adaptive strategies using these models and implemented in a range of rigs, and are outlined in this section. As in the earlier discussion, our focus is on those control methods that have been validated experimentally.
Linear Optimal Control
Since the goal is to reduce the pressure oscillations as quickly as possible for a given actuator with a certain control authority, a linear control strategy that seeks to minimize a cost function that is of the form
where Ù is the control input from either a speaker or a fuel-injector and is chosen so as to represent the available control effort, is found to be quite suitable for this problem. The model in (14)-(16) can then be used to determine the control input Ù as a function of the pressure measurements and the model parameters. To minimize the effect of modeling uncertainty, an LQG-LTR control procedure [41] can be used so that the estimator minimizes the effect of the modeling error by representing the latter as a fictitious Gaussian noise. This controller has been implemented in several rigs, and some of the results are briefly described in the section on active combustion control practice.
An alternative control procedure is based on the À ½ approach, which ensures that desired measures of stability robustness and performance specified in the frequency domain are achieved.
These specifications are given as desired shapes for closed-loop transfer functions between selected groups of exogenous inputs and controlled outputs. For example, robust stability usually requires the appropriate closed-loop transfer function to be small at high frequencies, as the size of uncertainty is large there. Since À ½ -optimal control leads to all-pass closed-loop transfer functions, the À ½ control problem is formulated using frequency-weighted transfer functions. This method has also been applied for combustion instability using models (25)- (26) in [42] and models of the form (14)- (16) in [43] and led to satisfactory pressure reduction.
Note that both of the above methods either neglect the effects of time delay or use Pade approximants to represent time-delay effects using a finite-dimensional model, which restricts the domain of applicability of these controllers to systems where the delay is small.
Time-Delay Control
When time delays are large, it is efficacious to use control methods that explicitly include time delays in their design. Simple PI control strategies that make optimal use of actuator locations can be used [16] to either cancel out or minimize the delay effects in some cases. A more general strategy is the Posicast controller based on the Smith predictor [44] - [46] . The idea behind this control strategy is to forecast the future output using the system model and use this in turn to stabilize the system. The controller structure is given by
where Ò is the order of the system, Ù ½ corresponds to the output prediction, £ ¼ is an Ò ¢ Ò stable matrix,´£ ¼ µ is controllable, and ½ , ¾ , « , and ¬ are the controller parameters. The reader is referred to [16] , [20] , [47] , for further details regarding the stability and robustness properties and experimental and numerical results of the closed-loop performance.
Adaptive Control
The desire to maintain uniform performance in the face of uncertain and changing conditions that are inevitable in any practical setting has spurred the development of adaptive control strategies that are capable of self-correction to suppress combustion oscillations. We discuss a few of them in this section.
LMS
The LMS algorithm [48] consists of deploying an adaptive filter whose coefficients are adjusted so as to minimize an error that represents a departure from the desired values of a key variable. In the combustion problem, the underlying model is of the form Ô ¼´ µ Ï´Þµ Ì ´ µ (31) where Ï´Þµ represents the combustion dynamics, is a signal measured from the controlled system, and Ô ¼ is the unsteady pressure whose desired value is zero. This motivates the filtered-x LMS algorithm [48] where the update rule is given by
where Ï´Þµ . Since Ï´Þµ represents either a part of or the complete dynamics of the combustor, uncertainties in the dynamics also necessitate a parallel identification loop that determines the parameters of Ï´Þµ online. In [49] , such a scheme was observed to exhibit instabilities in the adaptive filter coefficients. In [50] , no instabilities were reported, but a second mode was often excited, sometimes leading to partial extinction in the combustor. It should in fact be noted that the filtered-x algorithm does not have guaranteed properties of stability and convergence in general. A modified LMS algorithm was suggested in [51] that resolves many of the shortcomings observed in [49] , [50] .
Model-Based Self-Tuning Control
An alternative approach to adaptive control is to exploit the structure of the dynamic model. For example, for certain actuator locations, the transfer functions corresponding to the models in (14)- (16) and (25)- (26) can be shown to have relative degree smaller than two, with stable zeros, and known high-frequency gain. For these cases, a simple adaptive phase-lead compensator can be shown to successfully suppress the pressure oscillations [20] , [52] , and is of the form
Adaptive Time-Delay Control
As shown in the section on time-delay control, the presence of delay can be accommodated by adding a signal to the control input that attempts to anticipate the effects of the delay. The same approach can be adopted in an adaptive controller as well. The structure of the controller is of the same form as in (30) , but the parameters ½ and ¾ are adjusted online and Ù ½ is chosen as Ù , the th element of the vector Ù´Øµ, is the th sample of Ù´Øµ in the interval Ø Ø µ, ½ Ô ; and Ô is chosen to be small enough so that the sampling error in the realization of Ù ½ is small. The stability of the above controller is discussed in [47] . A controller whose order depended on the relative degree of the plant rather than its own order was developed in [53] and successfully implemented on a benchtop combustor in [20] .
Observer-Based Control
A different approach for control design was taken in [35] , where the sustained pressure oscillations are modeled as a sinusoidal signal, as in (28) . The parameters ª , Ë , and are identified using a nonlinear observer whose estimates are in turn used to design a phase-shift controller. For the case when AE ½ , the parameter estimation is carried out using the algorithms Although the analytical properties of this algorithm have not been studied at length, simulation studies show that for a large number of initial conditions, these estimates indeed converge to their true values. This algorithm has also been implemented in a semiscale gas turbine and shown to result in successful suppression of the pressure instability [54] , and is summarized in the next section ("Subscaled Gas-Turbine Combustors").
Adaptive Nonlinear Control
In [14] , the sustained oscillations are assumed to be modeled by the equations
In the absence of control, if « ½ is positive and « ¾ is negative, it follows that Ö ½ corresponds to an unstable state while Ö ¾ is stable; the nonlinear terms lead to a stable limit cycle for a ¬ ¼. Using this model, an adaptive PD control was proposed in [55] that leads to the equations
where ½ , ¾ , AE ½ , and AE ¾ are system parameters. The adjustment rules for Ã Ô and Ã are given by
Stability, robustness to delay, and actuator constraints such as magnitude and rate saturation of this controller are discussed in [55] .
Active Combustion Control: Practice
The first successful demonstration of active combustion control occurred in 1984 when, using a Rijke tube (an organ pipe driven into resonance using a heat source) and a loudspeaker and a microphone as an actuator-sensor pair, Dines demonstrated that a 40-dB reduction can be achieved in the heat-induced noise. Since then, this technology has grown considerably and has been studied in the context of a number of laboratory-scale (1 to 100 kW), medium-scale (100 to 500 kW), and large-scale rigs (1 MW and above). In this section, examples of these studies are presented. The examples are chosen to illustrate the wide variety of combustors studied, such as rigs with varied configurations, different kinds of feed delivery, various boundary conditions, and operating conditions that range from lean burning to burning near stoichiometry. Although most of these examples have used model-based control strategies that were presented earlier, a few experimental results that used empirical strategies are also included for comparison. Figure 4 . Pressure response using the laminar 1-kW combustor in [43] . The figure shows the linear instability over the first 80 ms, followed by the nonlinear limit-cycle behavior. The controller is turned on at 300 ms, which results in a settling time of about 40 ms.
Laborary-Scale Rigs Laminar Tube-Combustor
Pressure oscillations in several tube-combustors have been controlled successfully since 1984 using empirical control strategies, whereas in [20] , [33] , [43] , model-based controllers were used. A system-identification-based model as in (27) was used in [33] , while physically based models as in (14)- (16) and (25)- (26) were used in [43] and [20] , respectively. A comparative study between empirical and model-based controllers was carried out in [43] and is briefly described below. The combustion chamber is a 5.3-cm-diameter, 47-cm-long tube closed at the upstream end, and open at the downstream end. The flame was anchored on a perforated disc with 80 holes fixed 26 cm from upstream end, with several ports included for mounting actuators and sensors. A condensor microphone was used as the sensor, and a 0.2-W loudspeaker was used as an actuator, whose parameters were determined using system-identification methods. The inlet temperatures were at ambient values. Measurements on the test rig were recorded using a Keithley MetraByte DAS-1801AO data acquisition and control board with a maximum sampling frequency of 300 KHz. Most experiments were conducted with an equivalence ratio between 0.69 and 0.74 and an airflow rate of 333 mL/s (0.38 g/s), which corresponded to an unstable operating condition without control (equivalence ratios of less than 0.69 corresponded to a stable operating point). The flow rate was varied between 267 and 400 mL/s, and the power of the combustor was 0.831 kW. The unstable frequency of the combustion process was found to be 470 Hz. Using the models in (14)- (16), LQG-LTR and À ½ strategies were designed and implemented on a Pentium PC with a sampling frequency of 10 kHZ. A 50-dB pressure reduction with a fast settling time was achieved with the former using a peak electrical power of 3 mW (see Fig. 4 ). In contrast, it was observed that the phase-shift controller resulted in a 20-to 30-dB pressure reduction and often resulted in secondary peaks. In [20] , model-based adaptive controllers listed in the section "Adaptive Control" were implemented on a tube combustor, where it was observed that the adaptive time-delay controller outperformed the others when the time delay was about four times the acoustic time constant and a 40% uncertainty was introduced in the unstable frequency by increasing the tube length.
A Premixed Dump Combustor
A coaxial dump combustor with air fully premixed with natural gas was used to study active control in turbulent combustors [56] where a bluff centerbody was used to stabilize the flame (see Fig. 5 for a schematic). The premixed reactants were introduced through a choked inlet at a mean velocity of 5.25 m/s, which ensured that the feed system dynamics were decoupled from the rest of the combustor dynamics. The combustor exit was partially restricted but not choked. The combustor length was 875 mm with a diameter of 110 mm. The nominal combustor pressure was 1.2 bar, with an inlet temperature of 350 AE C. A piezoelectric pressure transducer mounted in the dump plane was used as a sensor. The pressure instability was observed at a frequency of 336 Hz. Secondary fuel injection was used as an active control input using a Parker-Hannifin Series 9 injector. This fuel was injected transversely through four air-assisted injectors spaced around the circumference of the mixing tube. Allowances were made for introducing the secondary fuel at different locations.
An empirical phase-delay algorithm was used to pulse every fourth cycle. At operating points corresponding to an energy release rate of 60 kW, a 30-dB reduction was achieved by pulsing 7.8% of the primary fuel flow rate (see Fig. 6 ). The control effectiveness was observed to vary with the choice of fuel (natural gas vs. Jet-A fuel), with the nature of injection (by changing the amount of air assist used with fuel injection), and with the location of injection.
Swirl-Stabilized Turbulent Combustor
In [57] , the experiments were performed in a swirl-stabilized combustor (Fig. 7) operating at an energy release rate of 30 kW. A swirling primary airstream assisted in atomization of the fuel, and a secondary airstream provided the bulk of the combustion air. It was pressurized to 120 psi in a fuel tank by high-pressure inert nitrogen, metered, and supplied to a Parker-Hannifin research simplex atomizer (RSA) nozzle through a tube mounted in the center of the air chamber. The average fuel flow rate was kept constant at 0.75 mL/s. The fuel stream was modulated using an automotive fuel injector driven by a signal processor. Secondary air, also at five atmospheres, was introduced coaxially around the nozzle with a flow rate that varied from 0.283 to 1.7 m ¿ /s. The combustion shell was 0.6 meters in length and 0.14 meters in diameter. A water-cooled pressure transducer was mounted along the length of the combustor to measure the oscillations in the combustor for varying flow rates and fuel flow modulation frequencies. The pressure sensors were located at a normalized axial distance of 1.45. A Bosch fuel injector was used to pulse the primary fuel stream. A LQG-LTR controller based on a system-identification model, as in (27) , and an empirical phaseshift control strategy were employed to suppress the pressure oscillations [31] . The LQG-LTR reduced the pressure levels by an additional 10-15 dB compared to the phase-shift controller with the steady-state pressure, often reaching ambient noise conditions. Similar improvements have been observed where the active control input modulates a secondary fuel stream. 
Midscale Rigs A Liquid-Fueled Combustor
With the view of studying scalability of the active control technology, a concerted effort has been ongoing at the Navy Air Warfare Center (NAWC) at China Lake, CA. Active control of model ramjet combustors has been investigated with the combustor operating over a wide range of operating conditions from 70 kW to 1.3 MW, the results of which are reported in [58] and summarized here. Although the dump geometry is similar to the laboratory experiments discussed in the section on laboratory-scale rigs, a liquid rather than a gaseous fuel was used to mimic the combustion conditions in a ramjet. Experiments were conducted with different fuels such as ethanol, heptane, and JP-10. Air was supplied from a high-pressure storage tank and premixed with the liquid fuel.
The actuator was an automotive fuel injector capable of on-off pulsing with a bandwidth of about 150 Hz, which supplied secondary fuel and was located at the dump plane (see Fig. 8 ). To ensure fast burning, an atomizer was fitted at the fuel exit. A Kistler pressure transducer was used as a sensor and located slightly downstream of the dump plane. A phase-shift controller was used as the control algorithm and successfully reduced the pressure oscillations under all operating conditions (see example in Fig. 9) . A maximum of 10% of the total fuel was pulsed to achieve the necessary reduction. One of the critical parameters that affected the control effectiveness was the droplet Figure 8 . A schematic of the premixed turbulent combustor in [58] . Copyright 1998 American Institute of Aeronautics and Astronautics, Inc. Reprinted with permission. Figure 9 . Onset of active instability suppression in [58] using liquid-fuel injection and phase-shift control. Copyright 1998 American Institute of Aeronautics and Astronautics, Inc. Reprinted with permission. Figure 10 . Active combustion control of the midscale rig in [58] using LQG-LTR control.
size of the fuel after atomization, with the smaller droplets resulting in more efficient burning and therefore better control.
The same experimental setup was used to evaluate the performance of model-based LQG-LTR algorithms in [32] . At an operating condition corresponding to an energy release rate of 50 kW, a system-identification-based N4SID model, as in (27) , was derived. For this purpose, input-output pairs of data consisting of fuel-injector input modulated using a PRBS signal and the corresponding pressure response were collected. Using the model, an LQG-LTR controller was designed and implemented at NAWC using a Pentium II machine, a Metrabyte DAS 1801 board, the MS-DOS operating system, and Borland C. A sampling frequency of 10 kHz was used. The controller output was used to drive two fuel injectors. Simultaneously, two other fuel injectors were delivering the fuel, serving as the primary fuel injectors, and were pulsed at the unstable frequency of 100 Hz. The resulting pressure power spectrum is shown in Fig. 10 . A further reduction of 10 dB was achieved using the LQG-LTR controller compared to the phase-shift controller at the unstable frequency.
Combustor with a Bluff-Body Flame Stabilizer
Yet another example of the scalability of active combustion control can be found in [59] and other work carried out at the University of Cambridge. In [59] , the impact of active control on a reheat buzz rig is illustrated where the flame is stabilized by a conical gutter. The experiments are conducted with a premixed mass-flow rate of 0.135 kg/s and equivalence ratios in the range of 0.63 to 0.7 at an energy release rate of 250 kW. The actuator is once again an on/off fuel injector that introduces secondary fuel premixed with air (see Fig. 11 for a schematic) . A time-delay control strategy was used to pulse the injector (see Fig. 12 ). The experiment resulted in a 12-dB reduction at the unstable frequency and an 82% reduction in the acoustic energy over [0,400 Hz] by using less than 3% of the total fuel. It is interesting to note that the combustor was successfully stabilized at the same operating point as above with a loudspeaker rather than a fuel injector [60] , with comparable performance.
Although a speaker proves to be ineffective at higher energy levels, its viability in midscale rigs illustrates that acoustic drivers may serve as a good complement and be part of a multi-input control strategy, especially since their control bandwidth is generally larger than fuel-injectors.
Subscaled Gas-Turbine Combustors
A subscale combustor and its active control were studied at a preheated combustion facility in Siemens-Westinghouse Science & Technology Center [54] . The operating conditions consisted of a primary fuel flow of 1.4 g/s and an airflow of 54 g/s, a supply temperature of 322 K, and a chamber pressure of 862 kPa. Auxiliary fuel flow rates were limited to one-third of the total fuel flow rate. Two separate instabilities were observed, at 230 Hz and 550 Hz, with a pressure amplitude on the order of 70 kPa. Using a fuel injector with a bandwidth of about 1 kHz [35] , a phase-shift control algorithm in conjunction with the observer, as described in the section "Adaptive Control" was used to reduce the pressure oscillations fourfold.
Yet another example of demonstrating a model-based controller on a subscale rig can be found in [61] , where a 4-MW single-nozzle rig was studied. Motivated by the need to change the control action online with changes in the system conditions, the adaptive extremum algorithm in [38] , together with a frequency-tracking observer based on the extended Kalman filter, was used to suppress pressure oscillations in the face of fast changes in the operating conditions. The modelbased control strategy was shown to be successful in automatically generating the desired phase, and therefore pressure suppression, even as the engine conditions changed.
Large-Scale Rigs
The best example of demonstrating the active control technology in a large-scale industrial rig is that of a Siemens AG 94.3A 260-MW ring combustor. This study indicates the feasibility, the gains that can be obtained using active control, the hardware and software needed to implement the technology, and the state of maturation of the technology in the context of combustion control.
A 260-MW heavy-duty gas turbine developed by Siemens AG Power Generation was shown to use active combustion control successfully in suppressing pressure oscillations. Judiciously combined with passive measures, pressure reductions on the order of 15-20 dB were obtained at a range of loading conditions. The first set of results related to this rig was reported in 1997 [40] , followed by [19] , which documents further improvements to the control design (see Figs. 13 and 14 for a schematic and the response due to active control, respectively). Currently, this design has been installed in 13 turbines. The field-leading installation was implemented in January 1999, has been operating for more than 6000 hours, and continues to demonstrate the long-term reliability of the active control system. The active control system in the Siemens combustor consists of modulation of the pilot gas supply using a Moog direct-drive valve, which has a bandwidth of about 420 Hz and can withstand ambient temperatures of about 120 AE C. A piezoelectric pressure transducer was used as a sensor.
Similar burners, each equipped with a pilot system, were actively controlled using different control loops. Each control loop modulated two valves, which in turn controlled two burners located diametrically opposite of each other. The feedline system was designed so as to amplify the control authority at the unstable frequencies where active control was most needed. The turbines actively controlled ranges from 233 to 267 MW. Additional passive measures were combined with the active control strategy to increase the pressure reduction.
Although the details of the control strategy are proprietary, the descriptions of the active control strategy reported show that it was based on a phase-shift idea; the control signal was generated using the pressure measurement, to which a time delay was added and appropriately tuned. Initial versions of the controller reported in [40] were capable of adding this delay only at a single frequency; currently, however, their algorithm allows the simultaneous phase addition at any two frequencies of oscillation [19] .
The above study illustrates that under realistic conditions of temperature and pressure in a largescale rig and a high power output, active control can be implemented successfully. It shows that significant improvement can be obtained using this technology, leading to considerable savings.
The fact that the rig has been operational for about 6000 hours attests to the reliability and longevity of the proposed technology.
Summary
The overarching consensus in the field is that active combustion control is a viable and feasible technology. The best illustration of this technology is that of Siemens-Westinghouse Inc. on a 264-MW annular rig. The demonstrations by United Technologies Research Center on a singlenozzle rig [61] , [62] and that of Siemens-Westinghouse in [54] indicate the range of geometries where comparable gains have been realized.
Modeling of combustion instability has come a long way. The main challenge in this area is the characterization of unsteady heat-release dynamics and the instigating mechanisms that produce unsteadiness. Under suitable simplifications, these mechanisms are beginning to be understood and modeled. Even with the resulting low-order time-delay models, instability behavior in a number of rigs has been explained. The next major hurdle is the study of flame dynamics under turbulent conditions where flame-vortex interactions are significant.
Model-based control strategies are beginning to play a role in this field and are being implemented in recent years with clear evidence of the gains that can be realized over phase-shift controllers. The underlying models represent a class of time-delay systems, thereby dictating the development of suitable time-delay controllers; the system uncertainties present have led to the derivation of adaptive controllers that guarantee satisfactory performance in the presence of large delays.
Despite the above success, several issues remain to be addressed. In cases where active control resulted in a clear improvement, what the contributing factors were that led to such a performance is not well understood. The overall closed-loop combustor needs to be optimized to achieve better quality, reliability, and repeatability at lower cost, as well as better speeds. Uniformity in performance needs to be realized over a large range of flow rates and loads in the presence of chemical, hydrodynamic, and acoustic uncertainties.
Combustion instability suppression is but one objective of combustion control. Maintaining high premixedness, low NOx levels, complete combustion, and control of pattern factor, as well as enhancing the flammability limits and increasing the volumetric heat-release rate, are other typical and often concomitant requirements in applications such as gas turbines, afterburners, and ramjet engines. To realize these multiple performance objectives, a systems study of analysis and synthesis needs to be carried out. This requires the judicious use of multiple, distributed, and varying types of actuators located at various points in the combustion chamber. Development of hierarchical control architectures that address the multiple time scales in the problem and accommodate variations in the system, environment, and operating conditions are necessary directions for current and future research. . Pressure response using the laminar 1-kW combustor in [43] . The figure shows the linear instability over the first 80 ms, followed by the nonlinear limit-cycle behavior. The controller is turned on at 300 ms, which results in a settling time of about 40 ms. 
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